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UNSHOT injuries to the brain are relatively common in civilian medical practice. In 1972, the vital statistics on mortality in the United States recorded 13,348 suicides by firearms and explosives, 13,383 homicides by firearms and explosives, and an additional 2442 accidental deaths due to firearm missiles. 49 A large percentage of these fatalities was caused by missile wounds to the brain from weapons commonly available to civilians, namely, relatively low-velocity handguns and rimfire rifles. The medical literature, however, largely ignores injuries from such weapons, and the important differences from highvelocity missile wounds do not seem to be widely recognized.
Most literature on gunshot wounds to the head falls into three categories: military injuries, clinical series, and experimental papers. Each war has produced several papers on military injuries. These, for the most part, report shell-fragment or high-velocity-rifle wounds. For example, the analysis by Hammon 26 stressed the importance of complete debridement of the necrotic tissue and debris within the missile track. Sukoff, et al., 47 disagreed, favoring conservative management. Either approach represents an advance from an earlier war when Jefferson al noted the "deadly triad" of encephalitis, ventriculitis, and meningitis. However, none of these types of injury is directly relevant to civilian experience.
The clinical series record the results of surgery on missile wounds of the head. Raimondi and Samuelson 42 emphasized the occurrence of low-velocity missile injuries in civilian practice, and noted several differences from the military situation. They maintained, for example, that missile fragments were better left in place unless readily accessible to debridement. Crockard 1' also mentioned the difference between high-and low-velocity missile injuries and proposed the use of intracranial pressure monitoring in patient management. These articles make valuable contributions regarding the management of survivors, but they contain no quantitative data on the extent of damage.
The experimental papers usually examine the effects of high-velocity missiles in experimental animals. ',~, l~ Butler, el al., 7 illustrated examples from their studies with high-velocity steel balls. Using a microsecond x-ray technique, they demonstrated cavity formation coincident with passage of the missile. They also showed that if an empty skull was shot by the missile, the expected beveled small entry and larger exit perforations of the skull were made. However, if the intact cranium, containing the brain, was shot by a missile of the same size and velocity, massive fragmentation of the skull resulted. The conclusion would follow that pressure accompanying the passage of the missile was transmitted to the skull by the brain tissue and caused the fragmenting fractures. More recent experiments, such as those by Gerber and Moody, 24 stress the importance of blood flow in survival. Besides the difficulties of interpolating between the experimental animal and the human, the predominant focus of these experiments has been high-rather than low-velocity missiles.
Our purpose is to record from civilian practice a series of fatal gunshot wounds to the brain, with an analysis of the types of weapon and ammunition compared to the pattern of the missile track and other pathological details. In view of the paucity of such information in the literature, we hope these studies will serve to aid diagnostic interpretation in surviving patients. They will also assist forensic scientists in reconstructing the facts of death under unknown circumstances.
Materials and Methods
The cases were drawn from the records of the Southwestern Institute of Forensic Sciences of Dallas which operates the Dallas County (Texas) Medical Examiner's system. Subjects dying from gunshot wounds were autopsied by forensic pathologists, and the brains from these cases were examined, after fixation, by the neuropathologist. The circumstances of the death and the weapon were obtained by the Dallas police or other appropriate law enforcement officers. In addition, investigators of the Institute of Forensic Sciences provided detailed reports from the J. B. Kirkpatrick and V. Di Maio scene of death. Ballistics studies of the fatal weapon were performed in the laboratories of the Institute. Our study covers the period from January, 1973, through July, 1977. Only those cases in which the fixed brain was available for accurate measurements of the missile track were included in the study; thus, the series omits many other cases of cerebral gunshot wound that occurred during the period of the study.
The record and the pattern of skull fractures were examined to determine the direction of the missile, point of entry, exit point from the brain, and whether the missile remained in the head. After thorough fixation in 20% formalin, the brain was examined to orient the entry and exit sites. The brain was then cut in the plane of the missile track. This usually produced cuts that were askew to the coronal, horizontal, or sagittal planes. The missile track was probed by finger for bone chips and missile fragments. A clear ruler was laid along the track and cross sectional diameters were measured at 1-cm intervals. A judgment was required to establish the margin of the track. The criteria for this decision were the gross extent of hemorrhage and maceration of the cerebral tissues. Sometimes palpation was helpful in establishing the margin. When the missile crossed a ventricle, the path was interpolated between the nearest reliable measurements in adjacent brain tissue. The missile tracks in Table 1 were reconstructed from this data. The volume of the track was calculated using the formula for a segment of a cone.
Results
Data from individual cases are presented in Table 1 . The series of 42 cases included 36 males and six females. In 26 cases death was by suicide, in 15 by homicide, and in one case it could not be determined from the circumstances. Thirty-three of the victims were white, seven black, and two MexicanAmerican. The age distribution was: 11 in the second decade, 13 in the third, six in the fourth, four in the fifth, two in the sixth, and six in the seventh. There were 12 distant wounds (three homicides were contact wounds). In 12 cases the cranium was perforated by the missile; 11 of these were contact wounds. Of the penetrating wounds, 12 showed perforation of both sides of the skull Civilian gunshot wounds of the brain with lodgment of the missile in soft tissues of the scalp, muscle, or pharynx. In almost half of the cases, however, the missile was retained intracranially. Seventeen of the missiles that perforated both sides of the skull had greater than 100 ft-lb muzzle energy; seven had less. None of these differences achieve statistical significance.
The distribution of different caliber weapons and associated pathological findings are summarized in Table 2 . Contusions were common in all sizes of weapons, both at the entry and exit sites. Contusions of the inferior surfaces on the frontal lobes occurred in 10 cases, almost one-fourth of the series. Pressure marks of the uncal gyri and cerebellar tonsils were even more common, and occurred in 35 cases, more than threefourths of the series. Impaction of bone chips, secondary paths from bone chips, and internal ricochet were seen in 16, seven, and 11 cases, respectively. In general these were not related to caliber of weapon, and some examples occurred in almost every category. Secondary paths had only minute volumes except for those in Cases 11 and 37. In cases with ricochets, which are not shown with an angled cavity in Table 1 , the ricochet path described an arc along the inner table of the skull, making only a minor groove in the subjacent brain tissue. Case 41 was an exception because a significant gutter was created as the missile curved along the inner table.
The missile track varied in size and shape in individual cases, whatever the caliber of weapon. Length of the path depended on orientation of the weapon with respect to the head; in every case the missile continued its path through the soft brain tissue until it struck or penetrated the bone opposite its entry site. The shape of the missile tracks was irregular, sometimes larger near the entry, sometimes larger near the exit, or in the middle. The paths were straight except in three cases, one of which was a ricochet (Cases 7, 8, and 41).
Death was not immediate in 23 of 32 cases in which reliable observations were available; the interval of survival varied from a few minutes to 2 days. Cerebral edema (judged by brain weight, collapse of the ventricular system, and moistness of the cut section) occurred in 15 cases. Survival in patients with edema who were found alive ranged from "moments" to 2 days.
Discussion

High-vs Low-Velocity Missile Wounds
The terminology and understanding of pathological physiology of firearms injuries are derived largely from wartime studies. Since these studies are heavily weighted toward high-velocity weapons, some extrapolation to civilian injuries must be drawn. Military firearms achieve very high muzzle velocities, in the range of 2400 to 3200 ft/sec. 17 Civilian hunting rifles also achieve rather high velocities of 2000 to 4100 ft/sec. TM Civilian handguns are almost entirely lowvelocity weapons, less than 1000 ft/sec. Rimfire rifles (that is, .22 short, long, or long rifle) produce only slightly higher muzzle velocities, from 1000 to 1250 ft/sec. The dividing line between "low" and "high" velocity is arbitrary, and for the purposes of this paper is taken to be 1500 ft/sec. This is based on our observation that marked increases in severity of wounds do not occur until the muzzle velocity approaches 2000 ft/sec. Another complication in the literature is the use of both English and metric units. Convenient conversion formulae were compiled by Finck? 1 The energy of a missile is proportional to the square of its velocity, but only directly proportional to its mass, as shown in the formula E = 1/2 MV2. 8'21 Thus, the velocity imparted to the missile is by far the more important variable. A recent demonstration of this fact is the study by Clemedson, et al., in dogs. 12 They found less wounding from 7.62 mm ammunition at 714 to 798 m/sec than from 5.56 mm ammunition at 810 to 1000 m/sec.
Perhaps the best account of the pathophysiology of missile injuries is that by Harvey. 2a He defines five major events when high-velocity missiles enter tissue, as follows:
1. Shock waves. These do not cause significant damage unless there is a gas-tissue interface. 2. Temporary cavity. The tissue is displaced and stretched as the energy of the missile is transferred to it. 3. Pulsation of the temporary cavity. This creates pressure changes in the adjacent tissues. 4. Permanent cavity. Actual disruption of tissue is slightly larger than diameter of the missile. 22 caliber weapons were measured in our laboratory. The effect of barrel length was ignored (except for rifles) because the information was not uniformly available on the records. ACP = automatic Colt pistol.
Extravasation of blood.
Hemorrhage enters a volume greater than the permanent cavity.
All authors stress that the temporary cavity from high-energy missiles is much larger than the permanent cavity. Hopkinson and Marshall, 8~ in another excellent account of the subject, offer the following observation: "... naked-eye inspection of the target tissue after the missile has passed gives little hint of the violent distortion which has occurred, and it would be quite misleading to assess the physical disturbance of the missile's penetration from the permanent track which the missile has left." These authors state further, however, that only when the missile velocity exceeds 1000 ft/sec will the damage created by the temporary cavity become apparent by inspection of the tissues.
Low-velocity wounds must have the same basic pathophysiology as high-velocity wounds, but the magnitude is much less. Unfortunately, the military preoccupation with high-velocity weapons has preempted experimentation with low-velocity weapons. No satisfactory gelatin block study is to be found in the literature. Harvey 2s suggests this picturesque but inexact simile: "The [low velocity] missile may be thought of as plowing through tissue in the manner of a rod plunged into soft snow, which piles up in front of the rod and is pushed ahead; when the rod is withdrawn a hole is left whose diameter is little more than that of the rod." Thus, the temporary cavity in a low-velocity wound is much less than in a high-velocity wound. We agree, but must stress the lack of direct, accurate experimental confirmation of the point. One figure by Harvey, et al.? 9 shows a "low-velocity" .22 caliber bullet passing through a dog's leg. The faintly outlined temporary cavity is about three times wider than the missile. Although the actual velocity is not given, in the context of the article it might have been less than 1000 ft/sec. It is clear that the magnitude of temporary cavity formation is much less than from higher-velocity missiles illustrated in the same article. A model for low-velocity gunshot wounds to the brain has been developed recently, 1~ and promises to fill some of the experimental void. 
Size of Permanent Cavity
It is evident from Table 1 that the permanent cavity bears no clear relationship to the muzzle energy of the missile over the range examined: .22 caliber missiles created just as devastating wounds as . 45 . The actual volume of the cavity is determined by the direction of travel and yaw of the projectile as discussed below. We are unable to confirm the estimate by French and Callender 22 that the permanent cavity occupies 2.547 • 10 -s c u in./ft-lb energy. This is probably because over the range of low-velocity missiles in this study, other variables such as angle of fire, skull thickness, efficiency of ammunition used, and deformation of the missile, are more important (and less controllable) than muzzle energy.
Perforation vs. Penetration
This study deals with three of the nine grades of head injuries observed by Cushing in World War I: his Grade V (penetration with lodgment both of projectile and bone fragments), Grade VI (penetration of ventricles by bone fragments or projectile), and Grade VIII (craniocerebral perforation). 18 With respect to the brain, the conventional distinction between "penetration" and "perforation" is somewhat misleading. All the cases presented here showed complete perforation of the brain by the missile. The only variation was whether the missile, having traversed the brain, perforated the skull and overlying soft tissues to exit from the head ("perforating" wound in the conventional terminology), or whether the missile was retained by the skull or soft tissues (a "penetrating" wound). The latter situation is common, amounting to almost three-fourths of this series. Among these "penetrating" cases were 12 in which the missile did traverse the skull a second time, but was trapped by the overlying soft tissues. An estimate by Sights 45 states that a force of 6.5 • 10 4 ftlb/sq in. is required to penetrate the skull. The estimate appears to be high since the projectiles in this study carried tenfold less energy, and over half penetrated the skull twice. Obviously the variations in skull thickness among individuals and regionally in the same skull impart unique properties to each penetrating head wound.
Bone Chips
Bone chips are commonly carried into the substance of the brain along with the projectile. This occurred in more than one-third (16 of 42) of our cases. This figure is based on digital palpation only and likely would have increased had the specimens been examined by x-ray study. The bone chips generally follow along the main missile track and probably contribute to its irregular configuration. Sometimes (in seven of 16 cases) the bone chips create secondary tracks that deviate from the main path. The volume of these tracks is usually trivial but occasionally it contributes substantially to the total damage (Cases 11 and 37, Table 1 ; Fig. 1 ).
Ricochet
Ricochet occurred in 11 cases. In eight instances the missile, after traversing the brain, struck the inner table of the cranium and described a curved course along it before coming to rest. In these cases a shallow gutter was cut in the subjacent brain. Case 41 had a large gutter. In the other two instances (Cases 13 and 14, Fig. 2 ), the missile reentered the brain to create another pathway. One of these ricocheted twice. The incidence of ricochet in the present series is similar to that found by cases. Missile tracks in cases of ricochet have been diagnosed clinically 34 and scintigraphically. 4~ A retained missile may come to rest at a point several centimeters removed from the end of the grossly obvious permanent cavity. Furthermore, the final resting point could be predicted only if the exact orientation of the weapon to the skull and the energy of the missile just before penetration are known. In practice, these details are always inexact. J. B. K i r k p a t r i e k a n d V. Di M a i o
Configuration of Permanent Cavity
Configuration of the permanent cavity depends on energy transfer from the moving missile. 51 As a missile slows it will transfer more energy per unit length of travel, and will make a wider cavity. 44 The cavities illustrated here are all irregularly varicose. The major cause of deviation from a cylindrical cavity is probably yaw of the projectile as it traverses the brain. 3 Studies by Harvey 28 and Hopkinson and Marshall 3~ illustrate yaw of highenergy projectiles in gelatin blocks. These authors agree that the broadside of a projectile encounters greater resistance; hence, it transfers more energy per unit length of travel and creates a larger cavity. Amato, et al.,2 in experiments with soft tissue of dog leg, considered yaw to be a major explanation for the differences they observed among wounds made by identical missiles. That the irregular cavities in the present study were produced by yaw is further supported by the deformation of the missile, clearly evident to the prosector upon recovery. The deformation, which at times renders the missile almost unrecognizable with respect to type and caliber, occurs when it penetrates the dense bone of the skull. However, the experimental model of Crockard, et al., ~ using a low-velocity spherical missile, also has produced conical as well as cylindrical paths, so other factors still to be identified are probably significant too.
Orientation of Permanent Cavity
Minor deviations in angle of travel may occur as the bullet traverses the bone of the skull, but once in the brain the missile's path is almost always straight until it encounters bone again. This path denotes the approximate angle of the weapon when fired.
The absence of gutter wounds from the series is not entirely due to selection of cases with well defined missile tracks. This type of wound is relatively common in warfare 1,16 where high-energy missiles are involved. In civilian practice, however, gutter wounds are uncommon. 52 This is another demonstration of the difference between high-and lowvelocity missiles. Highly energetic missiles can enter the skull and brain even at small angles of incidence to the surface of the skull, while low-energy missiles are deflected in such a circumstance.
Gas from Combustion of Propellants
The influence of gas from combustion of the propellants appears to be nil. Examination of Table 1 reveals that contact wounds accounted for both minimum and maximum volume missile tracks. The gas of combustion emerges from the end of the barrel in a highly compressed state. As soon as it emerges it begins to expand. The scalp and underlying soft tissues act to dissipate most of this gas; the gas that reaches the cranial vault through the relatively small entry hole in the skull does not significantly alter the extent of the wound in the brain. Fragmentation of the skull and extensive cratering of the brain, apparently due to muzzle gases, are known to occur with contact wounds. This is rare in our experience, and no such cases were included in this series.
Civilian gunshot wounds of the brain
Direction of Shot
The irregular shape of the cavity defies any attempt to estimate direction of travel from its configuration. The cavity may be larger proximally, distally, or in the middle. Direction must be ascertained from the circumstances of the fatal episode, the skin markings, and, especially helpful, the bevels of skull perforation. The direction of impaction of the bone chips does provide conclusive evidence of the direction of the shot, since in no case were bone chips deflected into the brain parenchyma from exit wounds.
Pressure Marks, Contusions, and Edema
Only three cases in the study failed to show signs of increased intracranial pressure. The pressure marks consisted of grooves of the uncal gyri from impression of the tentorium and cone-shaped molding of the cerebellar tonsils by the foramen magnum. Either or both of these findings were present in cases indicated in Tables 1 and 2 . The judgment of grooves of the uncal gyri and cones of the cerebellar tonsils is somewhat subjective and there is normal variation from individual to individual. However, the observations are based on a neuropathological experience of thousands of cases and are believed to be reliable and reproducible. The pressure marks were not due to edema in all cases, since only a third of the series (15 of 42) had edema. Lindenberg 36 states that such pressure marks occur acutely when the head is deformed by blows to the vertex. The findings here would support his contention that forcible temporary displacement of the soft brain tissues against the unyielding bone and dural ridges leaves these markings. In contrast to the results of Freytag ~8 the cerebellar pressure markings were hemorrhagic in only two of our cases (Cases 27 and 34).
Contusions were slightly less common, but were even more reliable indications of the forcible displacement of brain tissues by the energy of the missile. Entry contusions, occurring in 21 cases, probably result from the slapping of the inbending bone against the brain at the moment of impact by the missile. This mechanism is favored by Lindenberg in direct blow injuries? 6 Opposite contusions were equally frequent, although not necessarily occurring in the same cases as entry contusions. This is believed to be due to displacement of the brain by the pressure wave which precedes the projectile. Vogel shows a convincing demonstration of this phenomenon. 5~ Matson and Wolkin a8 found four cases of subcortical hematoma opposite the entry wound in a military population, suggesting a pressure effect. The experiments of Pudenz and Shelden 41 using the lucite calvarium are also relevant. Their diagrams show sudden flattening of the brain against the inner surface of the lucite when the head was penetrated by missiles at 1100 and 1800 ft/sec. Contusions of the inferior surfaces of the frontal lobes occurred in 10 cases. These inferior frontal contusions in gunshot wounds provide another clue to the etiology of these lesions, so frequently seen in blows to the head. The likely cause, postulated by Courville 13 and Lindenberg and Freytag, 37 is pressure waves forcing the brain tissue against the rough orbital plates. It should be emphasized, however, that the magnitude of the pressure waves in low-velocity wounds is much less than in high-velocity wounds where pressures of 200 atm have been described. Skull fragmentation is caused by highvelocity missiles as observed by Butler, et al., 7 and Clemedson, et al., 1~ experimentally, by Campbell and Kuhlenbeck 11 in military campaigns, and by Di Maio and Zumwalt TM using civilian hunting weapons. Such fragmentation fractures of the skull were not observed in this study nor in other civilian populations? 8'a5''~'~1 Clemedson, el al., n measured pressure with transducers and found it proportional to the square of impact velocity. One paper records rupture of the lateral margin of the ventricles in three cases of gunshot wound and postulates a sudden rise in intraventricular pressure. 27 We did not confirm this observation in the present material, although we could have overlooked such changes without a specific search.
Cerebral edema as a clinically significant aspect of gunshot wound has been minimized by some 42 and stressed by others? 4 In this series edema occurred in one-third of the cases (Table 1) . Edema was not clearly related to velocity of missile, size of permanent cavity, or duration of survival. However, it was seen in some victims who died very shortly after the fatal shot. This would support the impression that edema may develop with astonishing rapidity, in fact, within minutes. 8
